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Research of visual real-time control for an inverted pendulum with
time-varying computational delay

DU Da-junf, LI Wang-pei, ZHAN Bin, FEI Min-rui
(Shanghai Key Laboratory of Power Station Automation Technology;
School of Mechatronical Engineering and Automation, Shanghai University, Shanghai 200072, China)

Abstract: In inverted pendulum visual real-time control system, the sampling period and performance of control system
are directly affected by the time-varying image processing computational time from measuring cart position and pendulum
angular from each image. Unlike the existing methods on inverted pendulum visual servoing control system without
considering image processing computational time or with constant image processing computational time, an experimental
inverted pendulum visual servoing control platform is constructed firstly. Considering the characters of the pendulum and
the cart, a real-time calculation method for cart position and pendulum angular are then proposed, and the event-triggered
sampling mechanism of visual sensor is designed according to the statistical character of image processing computational
time. Furthermore, image processing computational time is converted to time-varying delay, and a closed loop control
system model of inverted pendulum system with time-varying delay is established. The system stability is proved, while
the system stability condition reflects the relationship between time-varying computational delay and system performance.
Finally, simulation and experimental results confirm the feasibility and effectiveness of the proposed method.
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Fig. 1 Structure diagram of the inverted pendulum visual

servoing control system experimental platform
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Fig. 2 Control block diagram of the inverted pendulum visual

servoing control system
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Fig. 3 Local location of the cart and pendulum
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Fig. 5 Cart position is determined using line scan algorithm
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Fig. 6 Pendulum angular is determined using hough transform
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Fig. 8 Signal timing diagram of the inverted pendulum

visual servoing control system

FH I8 P 45 (S 5 I8 e T
u(t) = =Kz (tk), t € [ty + di, tisr + dis1). (8)
FII A (1), 4
ty =t —d(t), t € [ty + dy, tiy1 + diy1),  9)
Hrd(t)24 b T ARINARNE, 35 2
géi]{/l(dk) =d; <d(t) <dy =

Ygle%\{((dk + dig1), (10)
d(t) = 1.
B®)—HRN(S) T
i(t) = Aoz (t) + Ayz(t — d(b)),
t € [ty + di, topr + digr),
Hrp: Ag = A, A, = —BK.

FoR G gl 83 RS B, A= HRE

B E, [F)REK FHLQRIZEH 28, nl 45 H PR AL N
i(t) = Agz(t) + Ayx(t), (12)
Hrp: Ag = A, A, = —-BK.

F7  HHERGADFEAR RGBT AR
HIRSE, TR (1) 2 — A A AR i ELSE RS, A
[ B i 78 AR, R B S d (t) A2 5 AR RS AL FE
TSR () B A DG I AR SE, BELEE 6] R A RIFR e T

5 #axE Pk (Stability analysis)

9T 43T R Ak BN (Ao R R
SN, 32 P 2R 40 B AN 2SR R R K, TERR T
HIFF ARG ) IR M. FEIE MR e 2 7, B St
AR BB, A PR R VIR I A AR 5 B .

)



57

MR T A7 A I AR TSN SE A RIS 45

AT 991

IR XA E SR ARHERER > 0, R €
R™"™, 17 1E b5 By > 0LL J n) & iR 30« [—, 0] —
R™, W R HIANGE 2L

t
—’yf it w)dw <
t—y

+(#) \ (=R R 2 (¢)
i) (75 (i) o

5] 3 228 T4 I SEXTRRFERER > 0, R €
R™>" AFLEAR 80 < dy < d(t) < do % A & R B
[—v, 0] — R™, W R ASE AL

—(dy — dy) J;FILW )dw <

HY (t)Q2H (1), (14)
Horr:
z(t —dy) R R 0
H(t)= |z(t—d(t)|,2=| * —2R R
x(t — da) x % —R
FH1 X THEFHO < dy < do, FAEE S YE

B SEXTFR %EIZE;D, Q1,Q2, 721,75 >0, {45 F1) 2kt
FEREANGE AT,
Hll H12

<0 15
s Iy ; (15)

5
k)

_¢11 PA, Z; O

d Ly 7
I, = * 22 2 2 ’
* k @33 0

L * * * @44
_dlAg‘Zl dlgAgZQ
dlA}‘Zl dlgA?ZQ

Ty —
12 0 0 9

0 0
[z, 0
0 —Z,|’

@y, =PA+A"P+ Qi+ Qs — Zy,

4522 = —2227 ¢33 = —Ql - Zl - Z27

Dyy = —Qo — Zs, dip = dy — dy,
WA 2 (10) BTz i A2 B i (0 PR R G0 (1 1) =2 il fa
TE M.

UE K& 0N Lyapunoviz B

V(a(t) =
T (t) P (t) + f LT

Lidz 2" (8)Qyx(s)ds +

H22 =

Y(s)Quz(s)ds +

s
t
j L, ()21 (s)dsdd +
f . $) Zyi:(s)dsdd. (16)

I dlgx

xﬂ/( (t)) KT falesk T 43
V(x(t)) = 2" (t)(PAy + Aj P+ Q1 + Q2)x(t) +
T( )PA1$(t— ( )) +

at(t — d(t)) A} Pa(t) +
2t (t —dy)(—Q1)x(t — dy) +
2t (t — dy)(—=Qa)x(t — do) +

SUT(t)(dQZl + d3,25)(t) —

1Lt le
f T (0) Zo2(0)d6. (17)

N 5 E A2 A4S

—dy [ #T() Zui(s)ds <

l z(t) z(t) ] | as)

L

)do —

-7y Z

l'(t—dl) Zl —Zl l’(t—dl)

t—dl
—ds L T (0)Z(0)d6 <

.’B(t—dl) * —Z2 Z2 0 {L'(t—dl)
.I'(t—dQ) 0 Z2 —Z2 x(t—dg)
R 3

@t (t)(d1 2y +diy Z2)d(t) =
2T (1) (AT Zy Ag+d2, AT Zo A )a(t) +
e () (A Z A+ d3y AL Zo Ay ) o (t—d(t)) +
a" (t—d(t))(di AT Zy Ao+ d3, AT Zo Ag)x(t) +
at (t—d(t))(dT A} Zy Ay +d3, AT Zo Ay )t (E—d(t)).
(20)
4 2(18)—(20) N\ = (17) 7T 18 Lyapunov iZ Bf 11 3 21
N
V(@) < () (I — M T3 L)), @1)

¢H(t) = [2"(t) a™(t —d(t)) ™ (t —du)
xT(t - d2)]7
@11 PAl Z1 0
N * @22 Z2 Z2
H11 o * k @33 O ’

* * x Py



992 B oW H w5 M OH 34 4%
[d1AJ Zy di2AS Zo BET L SR AP LA P A 20(15) AT 453
I, — | A2 diA{ 2, 9.4631 —15.7202 3.3608 —1.9054
0 0 p_ | * 963795 —12.7572 10.0526
0 0 - % % 6.6240 —3.5578 "’
[z, 0 * * x 3.2798
H22 = 0 7.1 _ E
I 2 19.4760 —13.5051 —3.1952 2.6604
1y =PA+ AP+ Q1+ Q2 — Zi, o «  81.3043 13.5861 —16.4105
Byy = —275, By = —Q) — Z1 — Zo, e * % 16.7179 —12.3246 |’
By = —Qo — Zs, dyy = dy — dy. | * * 21.3106 |
Safd [11.1050 —11.4431 —1.9093 1.7684 ]
: _ 63.7303 8.9837 —11.7907
Vi(z(t) < CY(t)(IThy — o015, ITE)C(t) < 0 — ¥
‘;( (ﬂ);)‘# ¢ () (I 121055 1115)¢(2) Q> i} § 23473 —6.0101 |’
JROL, D 2 | x * * 12.5423 |
_ —177T ~
My = thallyy Ty < 0. 0.6489 —0.1440 0.0087 —0.0259
FESchurfh e #, AN (1S) rTHER] g 24572 —0.2258 0.3837 107
Iy, — M IIHTE < 0 L - x 05242 —0.2113 ’
RO JFEE. |+ * * 0.2607
E8  EHEILEH T N A AR P RS R [0.4363 —0.1513 0.0057 —0.0201
PE, il T RGRUEMARIF SN ARIEL IORAR, R TR - 5 | 1.9514 -0.1629 0.2826 | 5
W B AL BTN ] 5 R iR e 2 (B R 2. * * 0.3342 —0.0537
* * * 0.1670

6 17 EL AN SEB#2 §1 5256 (Simulation and real-
time control experiments)

N1 BAEAR ST T L A AT PE, MMATLABY
LR SN 4 ] SE SRy A 77 1, Sl P iR 75 v i AT AT
A R A2 AR SO, (RS AR IR AR B MRS 23 18] T
FE(S) AR BHRI\ZHCN

1 =0.25m, m = 0.109 kg,
J = 0.009086 kg - m?, g = 9.81 m/s?.

6.1 |25 (Design of controller)

B2 HHLQRELS T PR R G (1 D) I EANSE
428 1] S 56 BT FH (4% 1 R K. RBVTIRIRE R A 20
= [0 0.1000 0 0], LQRIBUEREE A

50 0 00

023000
Q=

0 000
0 000
IS SR A Riccati 77 FE AT 434561 22 K N
K, =[-2.2361 29.6114 — 3.0068 5.3891].
(D@ FI(T)FT1F, BASREQ (¢) (1) b RN
dy = min(dy,) = d = 0.019 s,
keEN

5 R1 - 10

dy = r&%(dk + dpy1) = 2d = 0.058 s.

FUVE P, Qq, Qa, Z1, Zo¥4 8 IE5E X R B, AR
SEBRTAT A, BB B R P2 22 K RERS T A I AR I A
AR I R GE(1 )i RasE .

TR s DB R ] A K AR T B
A Edy 1 _EFN0.106 s, 1M LA_ESKRARHIdy /N FiX
AN 5 SRR ORAIE I RGuT AR e . B0, Mdy >
0.106 s, Xf B {1 [ 4% A B2 i 55 ) 1= 5 d > 0.053 s,
PP RS D) FA AT, KHL.

X IR R 58 (12) AR LQR B B 42 ] %
Ky, RAYIHIRE W AT = [0 0.1000 0 0]T. &3t
FpliEFE, LQREUERF BN

950 0 00
0 23000
= =1.
Q2 0 0 00 )RQ
0 0 00

TSR f#ERiccati 2 I 1945 TR Ko N
K, = [-30.8221 72.3263 — 19.8319 13.0424].

6.2 1 EH 52 56 45 B (Results of simulation and
experiments)

A HE 3 SIS A I BT R, s W R )
KR RS (11) AT 15 B SR i e, 4k
B 10-11 7w,
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Fig. 9 Experimental platform
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Fig. 10 Cart position and pendulum angular

(camera simulation)
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NEALF [ m, AT / rad

(camera real-time control)
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Fig. 12 Cart position and pendulum angular (camera real-

NFEQLR [ m, $EFT IR A / rad

time control d > 53 ms)

AN, 18 F B 2 K R RS (12)iE T
SE IR s 1) S 06, 34 A BT = 20 ms, H 45 R E13
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Fig. 13 Cart position and pendulum angular

(encoder real-time control)

6.3 S 258 R 22 5 BT (Analysis of real-time
control experiments error)

LA SR P S S, BB AT I 2 33

1) SEBR RGAH 2 — AN AR E RS, T
A R 2R A AC B R OB : 2) 3240 IR
W RS ), A DA% TR B 1 UG A7 A5 e 75 T3,
¥ 2 SEOET G A BT S AR AN AR
RS B —EMTHRIRE.

NT b G AL BT SRR ZE R, A SCR Y
GUiTE, Bt L TD 28 R AL RS BN FEHEAE,
R B A TBARG  FFRAS5 B S AT 5 e 4k i 42
THAHT IR Z ARG, AT BN S A AR
FPIRAEAS B 506 w28 R AR IR BT EL 24T
e, BRI A w2315 S %X 5,
15 SR FH 6 FR G i 82 8 S s S 4 S Fa s 1),
[ — A 52 B 2 [R5 i 3 0 B g 2 A0 MV ARBIL, i
AT = 10 ms, MHLMIZ & B 100 fps. £ 5L
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R %A B AL 1T 62 pin LR, A% N A] AF XS
FEHIEIT = 10 msifi 5 7] LLZNE, [KIEAE SRt
Fi P FL 2 A% B N R) 3 NS5 R, a0 SCR[2, 16-17, 26].
AR SEAE BRI IE L T IR LR, HAL4m (A0
o T G I () 7 55 0T DA p b, 7 SRS 4 | S
BRI R, AT RG AL, 7T LRIEAL (S B
G HL s 2315 B ZI06 55

Nk, SR RAE2000MUE S 452 3 U, FEimit A
G A FRRR AT SN AL RS AEAT W A . (B S RAE
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WE 4R E 15 . 14 F0E 15 0] DL B EIg
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Fig. 14 Contrast of cart position and statistics of image

processing error
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Fig. 15 Contrast of pendulum angular and statistics of

image processing error

7 45 (Conclusions)
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